In this work, the influence on the morphology and viscoelastic behavior of polypropylene/clay nanocomposites of clay, in combination with different crystallization rates applied in compression molding, is reported. By deconvolution of differential scanning calorimetry (DSC) melting endotherms, it was found that the slowly cooled samples had slightly higher melting temperatures, and the crystal dimensions decreased progressively with the clay content; while, in contrast, the presence of clay particles had no influence on the crystal dimensions in fast-cooled samples. Dynamic mechanical thermal analysis (DMTA) has shown that above the glass transition temperature, nanocomposites obtained by slow cooling exhibited better mechanical response compared to the fast-cooled samples. The value of dynamic modulus E' of slow-cooled samples increased by 55 % with addition of only 1 wt% clay, which was attributed to the better reinforcing effect achieved during prolonged time of crystallization.
INTRODUCTION
The properties of thermoplastic polymeric materials, including polymer nanocomposites, are greatly affected by their morphology. Improvements in mechanical properties, dimensional stability, and electrical, barrier and thermal properties, as well as fire retardant enhancements [1] [2] [3] [4] [5] are often reported for polypropylene (PP) nanocomposites of different morphologies, caused by the presence of nanofillers such as carbon nanotubes [6] [7] [8] [9] [10] , layered silicates [11] [12] [13] [14] [15] , silica, graphite and calcium carbonate [16] [17] [18] [19] .
The studies on polymer-layered silicate nanocomposites have shown a significant change in the viscoelastic properties depending on the microstructure and the interfacial characteristics of the polymer systems [20] [21] [22] [23] . Hoffmann et al. [20] and Lim and Park [21] reported that the linear viscoelastic properties of nanocomposites were greatly affected by the final dispersion state of clay in the polymer matrix. In particular, nanocomposites with the polymer chains end-tethered to the surface of the silicate showed significant change in viscoelastic properties [22, 23] . It was also reported that the mechanical properties of the composites are affected by both plasticization and exfoliation. At low weight fraction of compatibilizer, the exfoliation effect was more significant, thus leading to enhanced mechanical properties. However, the effect of exfoliation becomes less pronounced with higher amounts of compatibilizer, as the lowmolecular-weight compatibilizer plasticizes the matrix, thus reducing the modulus, even though the extent of delamination of the silicate is increased [24] .
Dynamic mechanical analysis (DMA) has been extensively used to measure the response of a given material to a cyclic deformation as a function of temperature. A wide range of values for the storage modulus (E'), corresponding to the elastic response to the deformation, the loss modulus (E"), corresponding to the plastic response to the deformation, and tanδ, which is the ratio of the elastic to loss modulus, have been reported for different polymer/clay systems [25] [26] [27] [28] . The dynamic mechanical response of PP/clay nanocomposites has been analyzed by many authors. In most cases [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] it has been shown that the addition of nanoclays increases the storage modulus of the material. However, contradictory results were found with respect to the glass transition temperature; in most of these works, T g was found to be practically unaffected by the presence of clays. An increase in T g was reported for PP-based nanocomposites [35, 38] , whereas on the contrary, significantly decreased T g was reported in [39] . The characteristics of , , and  relaxations, and the activation energy of  relaxation of PP in PP/clay nanocomposites, have been analyzed by Velasco et al. [40] . It has been observed that , , and  relaxations of PP depend strongly on the interaction between the different phases in the nanocomposites. In general, achievement of a predominantly exfoliated microstructure usually resulted in the greatest improvement of dynamic-mechanical properties (the highest storage modulus and the lowest loss factor values) [41] .
The majority of the studies of PP/clay nanocomposites are focused on the fabrication methods and conditions of the composites, and on the properties affected by the distribution and size of the filler particles within the polymer matrix. Recently, a specially designed hyperbolical nozzle was used to induce elongational flow for better mechanical properties in injection molded PP/clay nanocomposites [42] . A novel one-pot preparation method of extrusion, combined with water injection, was proposed for high clay dispersion into a PP-g-MAH matrix [43] . Water-assisted extrusion of PP/clay nanocomposites at different conditions, including high shear rates, was investigated [44, 45] , and the best mechanical and thermal properties were achieved when the clay was mixed in the slurry state, due to the highest level of dispersion reached by the synergistic effect of water, and high shear rates [45] . The effect of multiple extrusions on the impact properties of PP/clay nanocomposites was investigated by Klitkou et al. [46] . Different conditions and equipment for extrusion and injection molding were proposed in the literature to alter the tensile strength and modulus, fatigue properties, and fracture and thermal behavior of PP/clay nanocomposites [47] [48] [49] [50] [51] [52] [53] .
However, the effect of polymer crystalline structure developed under extremely different crystallization conditions of PP nanocomposites has, to our knowledge, been poorly investigated [54] . In our previous work we have shown that the melt extrusion of maleic anhydride-modified PP and organo-clay enables production of clay nanocomposites with both exfoliated and mixed exfoliated/intercalated structure, and that depending on the amount of clay and the processing conditions, the polymer exhibits different crystalline structure [55] . The goal of this research is to determine the morphological peculiarities and viscoelastic behavior of PP/clay nanocomposites produced via melt blending followed by (i) slow and (ii) fast cooling in the compression molding cycle. 
Preparation of iPP/clay nanocomposites
The preparation of nanocomposites is described in detail elsewhere [55] [56] [57] . Briefly, the first step was direct-melt mixing of the components (iPP, 10 w/w % compatibilizer and 1-3 w/w % clay) in a recirculating co-rotating twin-screw micro-extruder, followed by compression-molding at 180 °C for 2 min with no applied pressure. After this period, a pressure of 100 bars was applied for 3 min. Then, by altering the cooling rate during compression molding, two types of nanocomposite samples were produced. The cooling rate of about 15 °C min -1 was achieved by cooling the press plate with water (samples assigned as fast-cooled, FC) and the rate of about 1 °C min -1 was attained by cooling down the samples outside the press to room temperature (samples assigned as slowcooled, SC); samples with 1, 2 and 3 w/w % clay were assigned as C1, C2 and C3 nanocomposites, respectively. For further analyses by SEM/TEM, DSC and DMTA, nanocomposite films with thickness of 100-300 m were produced.
CHARACTERIZATION METHODS

Scanning electron microscopy (SEM)
SEM analysis of PP/PP-g-MA/C93A composite was performed using a Quanta 3D FEG microscope (Fei Co.), equipped with a field-emission gun. High-vacuum conditions were applied and a secondary electron detector was used for image acquisition. No additional sample treatment, such as surface etching or coating with a conductive layer was applied before surface scanning.
Transmission electron microscopy (TEM)
The dispersion of the clay particles in the polymer matrix was checked by using TEM (Tecnai 20), operated in bright-field mode at 200 kV. Ultrathin sections of the samples, with a thickness of approximately 90 nm, were prepared at room temperature using an ultramicrotome ReichertJung Ultracut E equipped with a diamond knife. The sections were transferred dry to carbon-coated Cu grids of 200 mesh.
Differential scanning calorimetry
The melting behavior of investigated samples was determined by differential scanning calorimetry (DSC). The DSC experiments were performed using a DSC-7 analyzer (Perkin Elmer). The samples, with a mass of about 5 mg, were heated from 25 to 200 °C at a heating rate of 10 °C min -1 in inert nitrogen atmosphere. A curve-fitting analysis of the melting curves was carried out in order better to determine the overlapping peak positions and areas. Deconvolution was done by using a Gaussian function.
Dynamic mechanical thermal analysis (DMTA)
Dynamic mechanical analysis of neat PP and PP/PP-MA/clay nanocomposites was performed on a TA Instruments DMAQ800 machine, fitted with a tensile testing head, and corresponding viscoelastic properties were determined as a function of temperature. A rectangular strip was cut from the compression-molded films. The system was automatically cooled to -50 °C, and then heated at a rate of 3 °C min -1 to 150 °C under nitrogen flow. The samples were scanned at fixed frequency of 1 Hz and amplitude of 10 m. A static force of 10 mN was applied to ensure that the sample was taut between the tensile grips. The force was kept constant during the test to allow shrinkage of the sample during testing.
RESULTS AND DISCUSSION
Morphological analysis
As revealed by our previous WAXD analysis [55] , different polymer morphologies of PP/clay nanocomposites are developed by altering the cooling rate in the compression molding cycle.
Better intercalation has been achieved for nanocomposites produced by a slow cooling procedure, even in the absence of compatibilizer (PP-g-MA). Also, the extent of intercalation/exfoliation and stacking of the clay particles in the polymer matrix were controlled by the amount of clay, indicating formation of exfoliated (at low clay content, 1 w/w %) and mixed intercalated/exfoliated structure (at higher clay content). Figure 1 shows SEM images of the surface of PP/PP-MA/clay nanocomposite containing 1 and 3 w/w % clay. Obviously, a good dispersion of clay was attained in both cases, without evidence of particle aggregation. Figure 2 shows TEM bright-field images of the sample with 1 w/w % clay at low and high magnification. A fine and uniform dispersion of the clay particles in a polymer matrix is seen, whereas a transcrystalline organization of iPP lamellae around the clay layers is evident; some stacked silicate layers are also observed. The formation of an ordered crystalline polymer/filler interface may be of prime importance and technological relevance, as it was, for instance, recognized that the nature of the interface plays a fundamental role not only for nucleation but also in the reinforcement mechanism [58, 59] . where T c is the peak position, s is the full width at half-maximum, and H represents the height of the peaks. The peak-fit routines were used to evaluate, by nonlinear curve fitting of experimental data, the height, the relevant features of the curves as, top center, peak height, width at half maximum and the area fraction under the peaks. All DSC curves exhibit multiple endotherms or, better, they are resolvable into three to four overlapping peaks. Hereafter, the peak at the higher temperature will be referred as peak-1 (P1), whilst those at lower temperatures will be called peak-2 to peak-4 (P2-P4). These peaks can be attributed to the complex melting behavior of the iPP [60] [61] [62] [63] [64] . This has been ascribed to several factors, among which are the presence of different crystal forms and differences in crystallite size and perfection. However, the main reason for such multiple endotherms was attributed to the recrystallization or reorganization of some crystallized fractions.
The melting temperature, determined from deconvoluted DSC peaks of neat iPP and the nanocomposites produced by slow-and fast-cooling compression molding regime is shown in Figure 6 and Table 1 .
Deconvolution of DSC curves for lower cooling rate (SC) resulted in three separate peaks for all analyzed samples. The intensity and position of the basic melting peak (P1) in neat iPP and in all nanocomposite samples crystallized at lower cooling rate did not change (T m1 = 167 °C). The P2 and P4 in nanocomposites appeared at lower temperature as compared to neat PP. A tendency to slight decrease is seen for P2 with increasing clay content (from 163 to 158 °C). In contrast, samples crystallized at high cooling rate (FC) show the presence of four melting peaks that seem less sensitive to the sample compositions. The intensity of all peaks is slightly lower, compared to the samples crystallized at lower cooling rate. As is well known, during slow crystallization processes the molecules have enough time to form more perfect crystals. In case of PP nanocomposites, the nucleating effect of the modifier (maleic anhydride), as well as that of the clay, obviously enhances the formation of crystals with high melting temperature. As the cooling rate increases, the crystallized fraction may consist of defective crystals, as a result of higher supercooling. In that case, the nucleating effect is less efficient, leading to the formation of high-meltingtemperature crystals. On the other hand, the defective crystals formed during cooling would undergo perfection during heating [65] . Thus, the shoulder peak, clearly seen in DSC traces of FC samples, is due to the recrystallization or reorganization of crystals formed initially during non-isothermal crystallization. , and σ e = 62 erg cm -2 for iPP [66] , the lamellar thickness of the two populations of lamellae, which could originate different melting peaks, has been calculated and the obtained results are reported in Table 1 .
The crystallization of the polymer matrix was altered by using two extremely different cooling rates after the molding was completed. The slowly cooled samples had slightly higher melting temperature, estimated as the maximum of the main melting peak P1. The values obtained for the melting enthalpy of slowly cooled samples indicates that the spherulites were thicker and larger. It can be seen from Table 1 that, in addition to the cooling regime, the presence of clay has also affected the morphology of nanocomposites crystallized by slow cooling, since the values determined for crystal dimensions, and especially for those of l c (P2), decrease progressively with the amount of clay. In contrast, the presence of clay particles had no influence on crystal dimensions in fast-cooled samples. These results are in agreement with our previous findings [55] .
T a b l e 1
Meting temperature of the deconvoluted endothermic peaks. Fitting analysis, besides the characterization of polymorphic forms through temperature, allows the determination of the area fraction under each overlapping curve. From these areas, the quantification of the composition of the specimens can be determined, if the molar enthalpy of the components is known. Table 2 contains the values determined for the area fraction under the peaks, obtained by using Gaussian functions in the deconvolution of the melting curve of each sample, recorded at 10 °C min -1 . In the same table, the values of crystallinity, determined from the melting enthalpy of slow-and fast-cooled samples are shown, and phase fractions, previously determined by X-ray analysis [55] are also presented. For all the prepared nanocomposites, the slow cooling, as expected, resulted in a higher overall degree of crystallinity. Among the investigated samples, four polymorphic structural modifications have been identified. X-ray analysis has shown that the slow-cooled samples exhibited mainly alpha crystalline phase (with very low percentage of gamma phase), whereas the fast-cooled samples contained a measurable content of beta phase. According to the relative area of P1 and P2, it could be concluded that the crystallization at high temperature (slow cooling) tends to produce high-melting polymorphic forms of iPP in both neat polymer and polymer nanocomposites, whereas low temperature (fast cooling) leads to appearance of a low-melting beta phase.
Crystal dimensions (l c ) are calculated by eq. (2)
Slow P1 P2 P3 P4 l c (P1) l c (P2) l c (P3) l c (P4) /
T a b l e 2
Relative area of the deconvoluted DSC peaks (P1-P4). Crystallinity (X c ) calculated by X-ray diffraction and identified polymorphic forms of iPP
From the obtained DSC endotherms, additional parameters (full-width at half height of the endotherm melting peaks, W), reflecting the distribution of crystal dimensions, were determined and the results are presented in Table 2 . It is evident that the values of W are affected by the crystallization (cooling) regime, indicating a more uniform (narrower) distribution of the crystal dimensions in slow-cooled samples. The presence of clay induced only insignificant changes in crystal dimensions of slow-cooled samples, while it had no influence on fast-cooled ones.
Dynamic mechanical analysis
The viscoelastic properties of polymeric nanocomposites are key factors in the understanding of the processing-structure-property relationship in these materials [67] . The analysis of the dynamic storage modulus, loss modulus, and tan is very useful for ascertaining the performance of a material under stress and temperature. It enables not only the measurement of the dynamic mechanical properties of a material, but also detection of changes in the solid structure of the polymer after addition of second phase [68] . Samples of neat iPP and PP/PP-MA/clay nanocomposites containing 1-3 w/w % clay were subjected to dynamic mechanical tests to study viscoelastic characteristics and relaxation processes with respect to their morphological peculiarities.
Storage modulus
The storage modulus (E') is the measure of stiffness, describing the range where the elastic property is higher. The higher the range, the higher will be the stiffness and load-bearing capability of a material [69, 70] . Storage modulus of neat PP and nanocomposites, obtained during slow and fast cooling regimes, in a temperature range of -50 to +150 °C, are shown in Figure 7 (a-c) .
As can be seen from Figure 7 and Table 3 , the effect of nanoclay on the mechanical properties of PP-nanocomposites is evident. Moreover, the presence of clay induced significant change in overall viscoelastic behavior of the polymer (see Fig. 7a ). Different behaviors of nanocomposites produced via slow-or fast-cooling compression molding cycles can be explained in terms of the reported morphological peculiarities. Based on previous results, the following mechanism of the microstructure formation during different processing condition could be proposed (Fig. 8) . At low temperatures, the interconnections between the fine-grained crystals (a kind of selfreinforcing structure) present in the morphology of a fast-cooled neat PP sample have resulted in a high level of elastic modulus (see Fig. 7a ). In contrast, the coarse morphology of the slow-cooled PP sample is obviously less resistant to mechanical deformation. At higher temperatures, the mechanical deformation produced a flow of the polymer crystals in the amorphous phase, and hence, the higher dimensions of the crystals in the slow-cooled sample produced higher resistance compared to the fine morphology of the fast-cooled sample.
The behavior of nanocomposites is quite different from that of the neat polymer. In general, the values of storage modulus are higher for the nanocomposites obtained via slow cooling. This might be attributed to the better reinforcing effect, i.e. to stronger interactions created between the clay galleries and the matrix during the slow-cooling process (lasting approximately 3 h), allowing, in turn, greater degree of stress transfer at the interface. The formation of transcrystalline interfaces in the vicinity of clay layers, as detected by TEM (Fig.  2b) , certainly affects the strength of interfacial regions. Furthermore, partial exfoliation of the clay galleries in the PP matrix (detected for all nanocomposites, and especially pronounced at 1 w/w % loading of clay) has additionally restricted segmental motion at the interface [69] . The effect of cooling rate applied in the compression molding cycle on dynamic storage modulus E' of neat PP and nanocomposites at 50 o C is shown in Table 3 . Evidently, at T > T g , nanocomposites obtained by slow cooling exhibited better mechanical response as compared to the fast-cooled samples. The value of dynamic modulus E' of slowcooled samples increased by 55% with addition of only 1 w/w % clay. This enhancement of dynamic storage modulus E' is ascribed to the better nanoscale dispersion of the layered clays (as shown by WAXD), which resulted in higher aspect ratio of the reinforcing clay particles.
The obtained results for thermo-mechanical behavior of PP/clay nanocomposites are in agreement with those reported earlier by Sharma et al. [70] , Lei et al. [71] and Lai et al. [72] . The extent in increase of storage modulus is found to be related to the type of nanoclay, clay content, compatibilizer and processing parameters [67] . The addition of 1 w/w % organo-modified clay, exfoliated in a PP matrix by application of latex technology, particularly at temperatures higher than T g , caused the storage modulus to increase by approximately 30% [73] . The same extent of increase of storage modulus in PP/clay composites at low clay loading has also been observed by Misra et al. [74] , Hambir et al. [75] and Venkatesh et al. [67] , whereas Sharma and Nayak [70] reported only 10-17% increase. The increase in storage modulus indicates the mechanical reinforcing effect of nanoclay in the composites. However, none of these results presented in the literature are correlated with the morphological characteristics of the matrix polymer used.
Dynamic loss modulus
The loss modulus denotes the energy dissipated by the system in the form of heat, and measures the viscous response of the polymer material [67] . The loss modulus curves of neat PP and the nanocomposites are illustrated in Figure 9 . In PP and nanocomposites over the entire temperature region (from -50 to +150 o C), two main relaxation processes are observed, which were related to - and -relaxations, respectively. The dominant relaxation, appearing around 10 o C, is related to the glass-rubber transition (-relaxation) of the amorphous phase of PP. The weak peak at high temperatures corresponds to the -relaxation. There are different interpretations of the nature of -relaxation in PP. It may be caused by molecular mobility of the polymer chains on the lamellar surface or by relaxation of the intracrystalline amorphous chains of PP [67] .
The effect of morphology of the polymer matrix is also clearly seen from the curves for E". The curves for the slow-cooled nanocomposites are all located above that for neat PP, which is not the case with those cooled fast. In contrast, although all samples displayed similar relaxation peaks, the presence of clay in fast-cooled nanocomposites led to a decrease in the E" of the PP matrix.
The mechanism of energy dissipation in nanocomposites of different morphological features is quite different, due to the crystalline structure and interactions at the interface. This is best illustrated at low clay content (1w/w %) with dominant exfoliated structure in slow-cooled nanocomposites (as revealed by WAXD), which in turn leads to a significant improvement in the modulus. Venkantesh et al. [67] , Samal et al. [76] and Yang et al. [77] have reported that incorporation of nanoclays leads to an enhancement in the magnitude E" of the PP matrix. It was also shown [77] that the addition of nanoclay did not affect the loss modulus temperature (as the peak is around 4 o C), which is mainly concerned with the molecular motion of the crystalline region of PP. This suggests that the nanoclay did not affect relaxation behavior of PP.
From DMTA measurements, the T g of nanocomposites was determined (Fig. 10) , and it was found that the values are insignificantly shifted towards higher temperatures compared to the matrix polymer, apparently due to the effect of the clay particles on the mobility of polymer chains [78] . It is well known that the T g of a polymer depends on the mobility of the chain segment of the macromolecules. If the molecular chain is restricted, motion or relaxation of the chain segment becomes difficult at the original glass transition temperature and becomes possible only at higher temperatures. Similar behavior has also been reported by other researchers [40, 76, 79] . However, Samal et al. [76] reported a decrease in T g for PP nanocomposites, indicating that the amorphous molecules become mobile at lower temperature as compared to virgin PP, which in this case was assigned to the existence of low-molecular-weight intercalants in nanoclays.
CONCLUSION
A comparative analysis of the effect of matrix morphology, originated as a result of two extremely different crystallization regimes applied in the phase of compression molding, on the melting behavior and thermo-mechanical properties of PP/clay nanocomposites has been presented. A nonlinear curve-fitting of DSC melting curves has shown that the recrystallization/reorganization of the initially formed crystals during nonisothermal crystallization took place in fast-cooled nanocomposite samples. It was also shown that the slowcooled samples exhibited mainly alpha crystalline phase, whereas the fast-cooled samples contained a measurable content of beta phase. The presence of clay particles had no influence on crystal dimensions in fast-cooled nanocomposite samples, and on the contrary, in addition to the cooling rate, their presence had affected the polymer morphology in slow-cooled samples. The crystal dimensions decreased progressively with the amount of clay added. DMA results showed an increase in storage modulus of the PP matrix in nanocomposites, indicating an increase in the stiffness of the matrix polymer induced by the presence of clay platelets. In the investigated temperature range (from -50 to +150 o C), the slow-cooled nanocomposite samples exhibited higher values of storage modulus, indicating the better reinforcing effect of layered silicate, and enhanced interfacial interactions created during prolonged time of crystallization. Thus, the value of dynamic storage modulus increased by ~55% with addition of only 1w/w % of clay; the effect being ascribed to partial exfoliation of the clay galleries in the PP matrix and the formation of transcrystalline interfaces in the vicinity of clay layers, detected by TEM.
